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Abstract 

We develop a gauge theory of the combined gravitational-electromagnetic field by expanding the Poincare 
group to include clock synchronization transformations. We show that the electromagnetic field can be 
interpreted as a local gauge theory of the synchrony group. According to this interpretation, the electro¬ 
magnetic field equations possess nonlinear terms and electromagnetic gauge transformations acquire a 
space-time interpretation as local synchrony transformations. The free Lagrangian for the fields leads to 
the usual Einstein-Maxwell field equations with additional gravitational-electromagnetic coupling terms. 

The connection between the electromagnetic field and the invariance properties of the Lagrangian under 
clock synchronization transformations provides a strong theoretical argument in favor of the thesis of 
the conventionality of simultaneity. This suggests that clock synchronization invariance (or equivalently, 
invariance under transformations of the one-way speed of light) is a fundamental invariance principle of 
physics. 

KEY WORDS: general relativity and gravitation, electromagnetism, time, simultaneity, Einstein-Maxwell, 
gauge theory 

1 Introduction 

There is a long-standing debate in the literature regarding the conventionality of simultaneity [T]. On the 
one hand, supporters of the conventionality thesis (e.g., null[5]) advocate that clock simultaneity is an 
arbitrary convention that permits different one-way speeds of light. According to this thesis, all simultaneity 
conventions that preserve the experimentally measured two-way speed of light are equivalent. On the other 
hand, opponents of the conventionality thesis (e.g., nEHH]) argue that standard synchrony defined by 
Einstein synchronization is the only clock synchronization convention that is permitted by fundamental 
physical laws. Furthermore, they argue that the one-way speed of light can be measured independently of 
the synchronization convention and is equal to the experimentally measured two-way speed of light. Although 
this topic has received significant attention throughout the years this debate remains unsettled. The absence 
of indisputable experimental evidence in favor of either interpretation has contributed to the prolongation 
of the debate. 

Given the unsuccessful attempts to measure the one-way speed of light independent of a synchronization 
scheme [S] , we propose to elevate the invariance of physical laws under clock synchronization transformations 
(or equivalently, transformations of the one-way speed of light) to a fundamental invariance principle of 
physics with the same status as Poincare transformations. Indeed, generalized Lorentz transformations 
have been formulated that include transformations between frames with different clock synchronization 
conventions [Toi HU na na na na ng na E] . In addition, it has been shown that all experimental predictions 
derived from these generalized transformations are indistinguishable from special relativity. However, a 
proper gauge theory based on a combined Poincare-synchrony group has not been explored. Whereas Kibble 
demonstrated the fundamental relationship between the gravitational field and the invariance properties of 
the Lagrangian under the 10-parameter Poincare group [TB] (see also USD, a similar investigation has not been 
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undertaken for the group of generalized Poincare transformations that combines the 10-parameter Poincare 
group with clock synchronization transformations. Therefore, the objective of this paper is to investigate 
the consequences of gauging a combined Poincare-synchrony group. In the following, we show that the 
electromagnetic field can be introduced alongside the gravitational field if one requires local invariance with 
respect to infinitesimal synchrony transformations in addition to infinitesimal Poincare transformations. 
The field equations for the new fields reproduce the Einstein-Maxwell field equations only when higher 
order correction terms are neglected. These additional terms represent nonlinear contributions to Maxwell’s 
equations as well as a new coupling between the gravitational and electromagnetic fields that can serve as 
falsifiable predictions of the proposed theory. By demonstrating that the existence of the electromagnetic 
field can be related to the invariance of the Lagrangian under local clock synchronization transformations 
we provide a strong theoretical argument in favor of the conventionality thesis. 


2 Synchrony Transformations 

We consider a Lagrangian that is a function of a set of field variables, and the coordinates x^: 

L = (1) 

wherc[i] x,fj. = The variations of the coordinates and field variables under an infinitesimal transformation 
are: 


—>■ x'^ = x^ + Sx^ 

X{x^) = x{x^) + 5x{x^)- 

We consider infinitesimal synchrony transformations: 

5x'>" = 5'^bMX^‘ 5x = b^WmX, 


( 2 ) 

(3) 


where 5^ represent 3 real infinitesimal parameters and Wm are generators of the synchrony group that 
satisfy: 

[Wm,Wn]=0. (4) 

Note that the flat space-time metric, is not invariant under synchrony transformations, but transforms 
according to: 

+ Voub^ + Vo‘i!b^ + Vmb^b^, (5) 

where and represent the metric tensor in frames with synchronization vectors = {0,aM} and 
bfi = {0, 6m} respectively. The metric tensor in a frame with standard Einstein synchronization (i.e., = 0) 

is ■ Given that the metric tensor is not an invariant quantity, we need to introduce an invariant quantity 
to raise and lower indices. To accomplish this, we rewrite the invariant line element in terms of physical 
space-time measurements nnun]: 

ds'^ = ri^^dx^dx'^ = dcr^ — dl^, (6) 

where dP and da represent the contributions of physical space and time measurements respectively: 


dl^ = XMNdx^ dx^ 

da = (y/^dx^+ ^°^ dx^^ 

\ 0700 J 

and we have introduced the notation: 


Xmn = — 


Vmn ' 


VmoVno \ 

boo J 


'^Greek indices and lowercase Latin indices run from (0 ... 3). Uppercase Latin indices run from (1... 3). 


(7) 

( 8 ) 
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We now rewrite the invariant line element in terms of the following coordinates: 



= da 

dx^ = dx^, 

(9) 

which produces: 

ds^ = X ^vdx^ dSF ^ 

(10) 

where 

xo xo : f Vfj.oVi'O 

H" 1 I ■ 

V ^00 / 

(11) 


Since 7/ijy is invariant under clock synchronization transformations, we may use it to raise and lower tensor 
indices in a general theory that permits transformations between frames with different clock synchronization 
schemes. We can use ^mn to raise and lower spatial indices alone. Since the synchrony group is Abelian, 
we can choose any diagonal matrix with positive components as the metric for raising and lowering indices 
in the group spac^. 

According to the gauge prescription one assumes the action is invariant under a transformation group for 
constant parameters and then covariant derivatives are introduced to retain invariance when the parameters 
of the group become arbitrary functions of the coordinates. To preserve invariance of the action under 
generalized synchrony transformations, we must replace the derivative x,p. with a covariant derivative, X;^, 
according to: 

+ B^^WmX, ( 12 ) 

where are new field variables that transform under synchrony transformations as: 

5B^l = -b^_^. ( 13 ) 


This leads to the Lagrangian density for the action: 

-2 {x, X.A*, -8“ } = {x. X;fe} , 

1 /2 

where Sj = [det( 7 ^^)] ' . Next, we calculate the commutator of 6-covariant derivatives: 


X;mi^ X;!^A* — ^ fii/^MX^ 


where 

We write the Lagrangian density for the free fields as 


rpM _ 


where Fq = . This produces the following field equations: 

;!y — U Mi 


( 14 ) 

( 15 ) 

( 16 ) 

( 17 ) 

( 18 ) 


where = —d£,/dB^. We see that a local gauge theory of the synchrony group in the absence of gravity 
possesses three sets of fields, each satisfying Maxwell’s equations to lowest order. Note that local synchrony 
transformations generate transformations that resemble electromagnetic gauge transformations. 

By elevating the invariance of physical laws under clock synchronization transformations to a fundamen¬ 
tal invariance principle of physics one is led to field equations that resemble Maxwell’s equations. Therefore, 
it is natural to identify the observed U(l) electromagnetic field as a synchrony gauge held, given the fun¬ 
damental nature of the synchrony group. However, this identihcation suggests that Equation ([3]) is not the 
fundamental synchrony symmetry group of nature because it leads to three helds rather than a single U(l) 
held. Instead, the identihcation of the observed electromagnetic held as a synchrony gauge held suggests 
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that the fundamental synchrony symmetry group must be restricted to a single degree of freedom as a result 
of additional constraints. For example, consider synchrony transformation of the special form: 

5x'^ = 5Qb*{aix^ + a2X^ + a^x^) 5x = b* {aiWi + a2W2 + a^Wz)x^ ( 19 ) 

where b* is a constant, and ai, a 2 , and are constants that define the orientation of planes of simultaneity. 
Unlike Equation ([3]), the restricted transformation m preserves the orientation of planes of simultaneity. 
Therefore, if the electromagnetic field is indeed a gauge field of this restricted synchrony group, then ex¬ 
perimental efforts to measure the one-way speed of light independent of a synchronization convention need 
to be explored in more than one dimension simultaneously, for it is only in the multi-dimensional case can 
Equation ([3]) be distinguished from Equation (1191) . In other words, identifying the electromagnetic field as 
a synchrony gauge field of the restricted synchrony group suggests that transformations that preserve the 
orientation of planes of synchronization cannot be observed, whereas transformations that violate this sym¬ 
metry may be observable. This can serve as a powerful guide for experimental efforts. On the other hand, it 
is also possible that other symmetry principles prevent the triplicate nature of the gauge fields to manifest 
and Equation ([3|) is indeed a fundamental invariance principle of physics that leads to the emergence of the 
observed electromagnetic field. In either case, the electromagnetic field can be interpreted as a gauge field 
related to the invariance of physical laws under synchrony transformations. As seen in Equation (1181) this 
leads to nonlinear terms in Maxwell’s equations, such that new source terms of the following form appear: 

( 20 ) 

The identification of the electromagnetic field as a synchrony gauge field of a restricted group predicts 
acceleration of both light and objects in the presence of electromagnetic fields, which would otherwise be 
deemed anomalous, such as that observed in experiments related to dark matter ([33], [33]), dark energy [33] , 
and the Pioneer mission [^. While the synchrony fields, i?^, do not fix the absolute speed of light, they will 
impose a variation in the one-way speed of light, which can be observed via measurements of the relative 
one-way speed of light and the velocity of objects. We explore this further by considering a one-dimensional 
case parametrized by the coordinate x, with a point A at the origin and a point C situated infinitesimally 
close at dL. We consider the synchrony field B{x). An object with velocity Uq = ^ in the absence of the 

synchrony field will appear to possess an acceleration-^ in the presence of the field B{x), due to the 

relative change in clock synchronization at the point C that is given by {B^) dL. If the synchronization 
effects due to the electromagnetic field are not taken into account, then this acceleration would be considered 
anomalous, such as that observed in a wide range of astrophysical phenomena. 

3 Poincare-Sychrony Transformations 

In this section we generalize the Poincare group to include synchrony transformations in a manner consistent 
with the conventionality thesis. Before exploring the generalized group, we first recall the basic features of 
the Poincare group. The invariant line element is: 

ds^ = dx^ dx", ( 21 ) 


where is the flat space-time metric with Einstein synchronization. Infinitesimal Poincare transformations 
may be written as: 

(jx'^ = e^x-^ + Sx = le>^-'S^,x, (22) 

where and represent 10 real infinitesimal parameters and are the generators of the group that 
satisfy: 






0 

I? -I- 77^°) S' — S — S' = - f S , 

’hp ’lya‘^PP 'Ipp^^va — pf p(y^K.\- 


( 23 ) 
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( 24 ) 


Lorentz transformations require that the flat space-time metric, 77 ^ 1 ,, remains invariant under (1221) : 


V 


/(o) 


= V 


(0) 


This requirement preserves the one-way speed of light under (1^^ and leads to the condition 

According to the conventionality thesis, variations in the one-way speed of light are unobservable and 
physical space and time measurements cannot distinguish between different clock synchronization schemes 
that preserve the observable two-way speed of light. Hence, requirement (IMl) is not consistent with the 
conventionality thesis since it does not permit transformations between frames with different clock syn¬ 
chronization schemes. Therefore, we Introduce clock synchronization transformations in four-dimensional 
form: 

+ S^Kx'', (25) 

where represents four real constants. Note that the above includes transformations of the rates of clocks as 
well if &o 7 ^ 0. We will assume below that 60 = 0. Using these transformations we calculate the infinitesimal 
transformation from a frame with synchronization vector to a moving frame with synchronization vector 

b,: 

x'^ = (5^: + <6„)(5^ + e“^)(j 5 - (26) 

Therefore, the infinitesimal Polncare-synchrony transformation may be written: 


x'>^ =x>^ + X>^^x'' + C, 


(27) 


where 

= (e'"^ - {{b^ - a^) + ba (e°‘^ - e%a^) - boa^} . (28) 

Giannoni m showed that this set of transformations (for finite transformations) forms a group. However, it 
needs to be emphasized that Lorentz transformations can only operate In certain combinations of synchrony 
transformations to form the group, namely, Lorentz transformations can only operate on frames that possess a 
standard Einstein synchronization scheme. Hence, If a given frame does not possess Einstein synchronization 
then a synchrony transformation that transforms to an Einstein-synchronized frame must precede the Lorentz 
transformation. 

We see from Equations (EZl) and (1281) that generators of the synchrony group commute with Lorentz 
generators to lowest order. Therefore, in order to capture the non-commutativity of the group, we need to 
construct the commutation relations of Lorentz and synchrony generators to the next lowest order. We write 
the commutation relations as: 

[Wm. (29) 


4 Generalized Poincare-Sychrony Transformations 

In this section we gauge the proposed Poincare-synchrony group identified above. Without loss of generality, 
we assume = 0. Therefore the variation of the coordinates and fields are: 

= e'^.x''+ S^bMX^ + 

SX = le^^S,,x + b^WMX, (30) 

where we follow Kibble’s convention and use lowercase Latin Indices for local coordinates and Greek indices 
for world coordinates. 

To preserve invariance of the action under generalized Poincare-synchrony transformations, we must 
replace the derivative Xk = with a covariant derivative, x-,kj according to: 

X-,k = h^X\i., ( 31 ) 

where are the contravariant components of a vierbein system and is the A-covariant derivative defined 
in terms of the local affine connection and the synchrony fields: 

= + + ( 32 ) 
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This leads to the Lagrangian density for the action: 


{x, x,M> ^;fc} ’ 


where Sj = [det(/ii;f)] 

Next, we calculate the commutator of A-covariant derivatives: 


Xl/xt/ - Xk/x = 


where 


(33) 


(34) 


hij — m I f \ 

^ fiL' — ^ ^ In kl ^ 

(35) 

and = A^^^ „ - A\^ + A^ k^A% — A'^^^A^ Calculating the commutator of covariant derivatives x-,k 
we find: 

X;ki - X-.ik = R\iSi]X + F^WmX - C\ix-,i (36) 

where 

R%, ^ K^hrR%^ 

c\i ^ {Khr-htK)h\^^ 

F\ ^ KKF^^,, (37) 


with 6®^ defined as the inverse of hT. 


5 Free Lagrangian 

We write the Lagrangian density for the free fields as 

-^0 = 2^Ro — '^^Ro, (38) 

where Lq = RAj, Fq = F^iFjf, and we have set all physical constants to unity. This produces the 
following field equations (ignoring terms of higher order in the product of the synchrony fields and local 
affine connection): 


^ R% - -5]R + - A'^iB\) 

^ [KC\^ - hfC\, - htC\^ + 


= _<T® h 

^ k- j 


T^flV 


-L0h‘'h ^ f 4 ” 

+ "-j Jm mn^ 


= (S^ 

= 


U 

M 


(39) 


where = d£/dh^, 0C^. = -2 {d£/dA%}, and 5% = -dZ/dB^. 

We see that the local gauge theory of a Poincare-synchrony group reproduces the Einstein-Maxwell 
theory with higher-order correction terms, subject to the same comments discussed above regarding the 
triplicate nature of the synchrony fields. The electromagnetic field serves as the source of gravity and 
the gravitational field serves as the source of electromagnetism. Inspection of the field equations suggests 
that the gravitational source terms in the electromagnetic field equations are the most likely candidates 
for experimental verification of the gravitational-electromagnetic coupling. In particular, the gravitational 
source terms in the electromagnetic field equations predict magnetic field generation by massive gravitating 
objects that is not subject to the same criticisms raised against the Schuster-Wilson-Blackett hypothesis 
mini [Ml US]- This will be discussed in more detail elsewhere. 
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6 Discussion 


Many theories have been proposed that attempt to unify the gravitational and electromagnetic fields, in¬ 
cluding [SnilSIlISlISlISlISillMlISZ]- These previous attempts were motivated primarily by mathematical 
considerations. However, the present investigation is motivated by physical observations, namely, the inabil¬ 
ity to measure the one-way speed of light independent of the choice of synchronization. By elevating the 
conventionality thesis to a fundamental principle of physics, the unification of the gravitational and electro¬ 
magnetic fields follows naturally. We showed that a set of three fields, each satisfying Maxwell’s equations to 
lowest order, emerge in addition to the gravitational field (i.e., vierbein fields and the local affine connection) 
when synchrony transformations are included alongside Poincare transformations. We proposed that the 
observed electromagnetic field is related to these new synchrony fields, with nature hiding the triplication 
via symmetry or by restricting the fundamental invariance group to a subset of the full synchrony group, such 
as m- The identification of the synchrony gauge fields with the electromagnetic held predicts nonlinear 
terms in Maxwell’s equations and a new gravitational-electromagnetic coupling that can serve as falsihable 
predictions of the proposed theory. 


References 

[1] Allen Janis. Conventionality of simultaneity. In Edward N. Zalta, editor. The Stanford Encyclopedia of 
Philosophy. Fall 2014 edition, 2014. 

[2] M. Reichenbach and J. Freund. The Philosophy of Space and Time. Dover Publications, New York, 
1958. 

[3] H. Grunbaum. Philosophical Problems of Space and Time, volume 12 of Boston Studies in the Philosophy 
of Science. Dordrecht, Boston, 2nd enlarged edition, 1973. 

[4] Y. Zhang. Special Relativity and Its Experimental Eoundations. World Scientihc, Singapore, 1997. 

[5] Ronald Anderson, E. Stedman, Geoffrey, and I. Vetharaniam. Gonventionality of synchronisation, gauge 
dependence and test theories of relativity. Phys. Rept., 295:93-180, 1998. 

[6] W. Salmon. The philosophical signihcance of the one-way speed of light. Nous, 11:253-292, 1977. 

[7] D. Malament. Causal theories of time and the conventionality of simultaniety. Nous, 11:293-300, 1977. 

[8] H. Ohanian. The role of dynamics in the synchronization problem. American Journal of Physics, 
72:141-148, 2004. 

[9] M. Tooley. Time, Tense, and Causation. Oxford scholarship online. Clarendon Press, 2000. 

[10] W. Edwards. Am. J. Phys., 31:482, 1963. 

[11] Y. Zhang. Gen. Rel. Grav., 27:474, 1995. 

[12] J. Winnie. Phil. Sci., 37:81-99, 1970. 

[13] J. Winnie. Phil. Sci., 37:223-238, 1970. 

[14] R. Anderson and G. Stedman. Pound. Phys., 7:29-33, 1977. 

[15] H. Brown. Phil. Sci., 57:313-324, 1990. 

[16] C. Giannoni. Phil. Sci., 45:17, 1978. 

[17] A. Ungar. Phil. Sci., 53:395, 1986. 

[18] T. W. B. Kibble. Lorentz invariance and the gravitational held. Journal of Mathematical Physics, 
2(2):212-221, February 1961. 


7 


[19] R. Utiyama. Invariant theoretical interpretation of interaction. Physical Review, 101 (5): 1597-1607, 
march 1956. 

[20] C. Moller. The Theory of Relativity. Oxford University Press, London, 1955. 

[21] L. Landau and E. Lifshitz. The Classical Theory of Fields. Pergamon Press, Oxford, 1971. 

[22] M. Turner. Physica Scripta, T36:167, 1991. 

[23] J. Silk. In B. Barbuy and A. Renzini, editors, Stellar Populations, page 367. Kluwer, Dordrecht, 1992. 

[24] E. Copeland, M. Sami, and S. Tsujikawa. Int. J. Mod. Phys., D15:1753, 2006. 

[25] J. Anderson, P. Laing, E. Lau, A. Liu, M. Nieto, and S. Turyshev. Phys. Rev. Lett., 81:2858, 1998. 

[26] A. Schuster. A critical examination of the possible causes of terrestrial magnetism. Proceedings of the 
London Physieal Society, 24:121-137, 1912. 

[27] H. Wilson. An experiment on the origin of the earth’s magnetic field. Proceedings of the Royal Society 
of London (A), 104:451-455, 1923. 

[28] P. Blackett. The magnetic field of massive rotating bodies. Nature, 159:658-666, 1947. 

[29] P. Blackett. The magnetic field of massive rotating bodies. Philosophical Magazine, 40:125-150, 1949. 

[30] A. Einstein. The Meaning of Relativity. Princeton University Press, Princeton, New Jersey, 1945. 

[31] A. Pais. Subtle is the Lord...: The Science and the Life of Albert Einstein. Clarendon Press, Oxford, 
1982. 

[32] T. Kaluza. Sitz. Ber. Preuss. Akad. Wiss., 54:966, 1921. 

[33] H. Weyl. Space, Time, Matter. Springer, London, 1922. 

[34] O. Klein. Zeit. f. Physik, 37:895, 1926. 

[35] A. Eddington. The Mathematical Theory of Relativity. Cambridge University Press, Cambridge, 1954. 

[36] E. Schrodinger. Space-Time Structure. Cambridge University Press, Cambridge, 1950. 

[37] W. Pauli. Theory of Relativity. Pergamon Press, London, 1958. 



